report on the design, fabrication, and investigation of a series array of Josephson junctions embedded into the surface wave resonator. The resonator is fabricated by using An-YBa2Cu307 bilayer on yttria-stabilized zirconia bicrystal substrate. The arrays were incorporated into the resonator by meandering the bilayer across a grain boundary. The circuit design and the cxcitation of the proper resonant mode provides series dc biasing and parallel ac biasing of the JJs array. Experimental results show that microwave current is distributed uniformly along the whole 8 mm long array. In the vicinity of the resonant frequency, almost no difference between the microwave currents in the junctions was found.
I. INTRODUCTION requency locking of the Josephson junctions (JJ) array
F by extcrnal microwave current is a principal requirement for the proper operation of metrological devices such as voltage standards, digital to analog converters, voltmeters, etc. [ 11. Series arrays of high-temperature superconducting (HTS) bicrystal JJs, capable to operate at liquid nitrogen temperatures could be used in the new generation of such instruments [2] , [3] .
Recently, microwave properties of the surface wave resonators (SWR) were described [4] . An important feature of surface waves is the concentration of an electromagnetic field near the continuous (non pattcrned) superconducting film located on the dielectric substrate. The high surface current density and the same field distribution in the SWR and in the rectangular waveguide (fundamental mode Hlo) makes the SWR, placed inside the waveguide, easy to excite and very attractive for JJ irradiation. The SWR was fabricated by using a Au-YBa2Cs07.s (Au-YBCO) bilayer on an yttria-stabilized zirconia ( Y S Z ) bicrystal substrate. The JJ array was embedded into the SWR by meandering a bilayer across the grain boundary (GB). For the excitation, GB was oriented co-axially with thc waveguide. The substrate size perpendicular to the GB defines the resonant frequency of the SWR. The circuit design and the cxcitation of a proper SWR mode provides series dc biasing (by externally applied current) and parallel ac biasing (by the currents flowing in the SWR) of the JJs in the array.
In this paper we analyze the performancc of the SWR with the strips and slits and compare it to that of an unpatterned SWR. General design criteria which allow to optimize the performance of the pattcrned SWR arc presented. Further, we investigate experimentally the array of bicrystal JJs embedded into such a resonator and make conclusion about the applicability of such a system for metrological applications.
SURFACE WAVE RESONATOR PERFORMANCE

A. Continuous film SWR
The thin film SWR in the waveguide with dimensions a x b is shown in Fig.1 . The resonant structure consists of dielectric substrate 1 with pcrmittivity E and HTS film 2 with the lcngth 1 (along y ) and the width w (along z). Thc length and the width of the dielectric substrate could also be larger than 1 and w respectively. The distances between the resonator and the lower or upper broad waveguide walls were 61, 62, respectively. In the general case the angle q~ between the dielectric plate and the waveguide walls is not cqual to 90°, as shown in Fig. 1 Microwave bias current flows along slits in y direction.
cp from 10" to 20" in the matched waveguide. First, the unloaded quality factor Q of the continuos film SWR was calculated and measured [4] . The typical values of Q of about 1000-2000 were measured at the liquid nitrogen temperatures, when the SWR operates in the hndamental mode. Second, in the fundamental oscillation mode the microwave currents flow primarily in the metallic film along the y direction. The current distribution along z-axis is quasi-uniform. This provides uniform ac biasing of JJs situated along GB in z direction ( Fig. 1 ).
To provide dc series connection of bicrystal JJs the HTS film of the SWR is pattemed as shown in Fig. 2 . Many slits along y directions and the non-uniformities (constrictions) as shown on Fig. 2 in the middle of the SWR can essentially decrease its performance: disturbing the uniform microwave current distribution, decreasing the SWR quality factor and shifting the resonant frequency. Below we discuss the influence of patterning on the SWR performance.
B. SWR with slits in the conducting film
We start with the analysis of the wave propagation in a flat dielectric waveguide covered with metallic strips as shown in Fig. 3 . For such a structure the dispersion relation for the wave propagating parallel to the slits was found recently [SI.
For a thin dielectric plate with k d (I -1)'12 < 1, the effective permittivity can be approximated by the analytical expression
The relative change of €11 depending on s, 7711 = [q(s) / ~ll(O)]"~, can be simply found for S = L /2 from (1) and (2). For example, if d = 1 mm, k = 22 cm-', E = 26, L = I0 p, then q ( s = 0.5) = 0.993. The above estimations show, that the effect of the longitudinal slits (Fig. 3) on 111 is very small and does not exceed 1% even if half of the conducting film is removed. This result suggests that the same behavior is also valid for the SWR shown in Fig. 2 , sincc such an SWR is just a segment of the flat dielectric waveguidc shown in Fig. 3 . In particular, the following relation between resonant frequencies with slits .fi(s) and without slitsJ(0) can be proposed
For the waves propagating in z-direction the influence of the slits is much larger. For a thin dielectric substrate the effective permittivity can be approximated by the following analytical expression
As expected, at s = 0 EL = ~1 1 . The relative permittivity 7 7 1 = [ E L ( S ) / ~1 ( 0 ) ] "~, estimated for the parameters listed above, gives 77~=0.75 which corresponds to a largcr frequency shift.
For the measurements we use two types of SWRs located in the middle of either X-band (fr -10 GHz) or K-band
Cr; -30 GHz) waveguides ( 
Since the snap formula (5) is the result of fitting of the cxperimental data obtained in a broad frequency band for different dielectrics and angles cp, we believe that this expression can be used for the quality factor estimation. In particular, it fbllows from (5) that even for larger s the quality factor does not drop more than 40 YO.
As it is mentioned above, the slits located transversally to the wave propagation direction considerably decrease the SWR performance. In the experiment, an X-band resonator with one slit along z direction was used. The experimental dependencies off(s) and q(s) are shown in Fig. 4 as open squares and circles, respectively. The resonant frequency shift achieves 10 96 already for s = 0.05. Moreover such a slit size drastically decrease the SWR quality. As can be seen from Fig. 4 , a transversal slit with a width of order of 4.10-? 1 reduces Q as much twice. The quality factor dcerease can be fitted by the expression
which is shown in Fig.4 as a dashed line. The constrictions in superconducting strips (see Fig.2 ) in many respects are similar to the transversal slit. Therefore, such constrictions must be excluded from the topology of the SWR.
C. Multimode Surfuce Wuve Resonator
With the increase of the dielectric thickness d and resonator width w multiple modes can be excited in the SWR, which decreases its quality. On the other hand a large width is essential to embed a large number of JJs into the SWR. Below we discuss the methods which allow to reduce the number of spurious modes.
To suppress H oscillations and the E oscillations with electric field variations along x-axes in the dielectric, the Fig. 2 will effectively suppress highorder oscillations and naturally support the fundamental mode El 10 on the background of spurious oscillations.
JOSEPHSON JUNCTIONS ARRAYS M SWR
Josephson junctions arrays embedded in the SWR were fabricated on bicrystal YSZ substrates with misorientation angles 19" or 24". Epitaxial YBCO films were formed by reactive high-oxygen-pressure metal co-evaporation, by using a rotating substrate holder. The details of the intermittent film deposition scheme have been published previously [7] . In-situ evaporated, thin gold films were used as a shunt layer [2] . The substrate width along z-axis is w = 10 mm. The substrate length along y directions, 1 = 2.8 mm, specifies the resonant frequency of the halfwave SWR in K-band. SWR is represented as a periodical strip system (Fig. 6 ) connected in series with 4pm wide bridges. The JJs were formed in the place of intersection of the bridge and GB (Fig. 6) . The strips have the critical current, which is much larger than that of JJs, and are used to supply dc bias current and to measure the dc voltage across every JJ in the array. Arrays with 4 and 11 JJs were fabricated. The periodic structure parameters were L = 1.68 nun, s s 0.009 in the first case and L = 0.75 mm, S E 0.02 in the second one. In both cases thc distance between the first and the last junctions was about 8" . Both samples were measured and have demonstrated approximately the same rcsults. Therefore we are discussing now only the data obtained for 4 junctions array. Thc measurcd SWR quality factor was Q G 500 without attached bias leads. The connection of the dc bias leads decreases Q considerably.
The curve (a) in Fig. 7 shows the I-V curve for 4 in series connected junctions without applied microwave power. The minimum and maximum critical currcnts among the JJs in thc array were Icilli, = 560 WA and IC,,,, = 870 PA. The maximum value of the characteristic voltage was V, z 80 pV at 78 K. To supply ac bias, the microwave signal with the frequency ,Il: = 32950.X MHz, which coincidcs with thc resonant frequency of SWR, was applied. The amplitude of the first currcnt step reached its maximum value AIc = /,,,it, at P = 0.2 mW. This means that the microwave current is distributed vcry uniformly along the wholc 8 mni long array as it should be when the SWR operatcs in the fundamental mode.
Ncvertheless it is interesting how slits and bridges affect the ac current distribution in our structure. Fitting the experimental I-V curves by using equations of RSJ model, the amplitude of ac bias currcnt was estimated as Ia, = 1.5 mA. On the other hand, the total ac current in the SWR at thc lcvel of absorbed power of P = 1 mW is equal to 0.08 A/mm for the strip width w = 1.7 mni [4] . Comparing the value ofthe microwave current in the strip with the value of I:,, calculatcd above, we find that approximately 20 % of the ac current in the rcsonator passes through the junctions.
In general, the detailcd picturc of the current distribution in the system shown in Fig. 6 is not well understood. In particular the question whether thc neighboring strips resonate in-phase [ Fig. 6 (a) the neighboring strips, they would short via the bridge containing JJ. In this case the junction would bc biased by the ac current with a spatial profile which is thc odd function of z. Here z is thc coordinate along the junction and z = 0 is in the center of it. The numerical simulation shows that junction with such an ac bias current profile cxhibits the even current stcps on the 1-V curvc, which have much largcr amplitude than the corrcsponding odd steps. On the other hand, in thc cxperiment this kind of bchavior was not observed. If the neighboring strips oscillatc in-phase, the ac currcnt should not flow through the junction at all, which is again in contradiction with out data.
IV. CONCLUSION
We havc shown the frequcncy locking of JJs embedded in the SWR. Different topologies providing dc series connections of JJs are discusscd. In all the cases the SWR were patterned so that the resulting structure consists a number of parallel strips separated by slits. Gencral design criteria were found for the resonant structure paranietcr optimization. It was shown theoretically and confirmed experimentally that for the longitudinal slits thc resonant frequency does not depend on s, and tlic quality factor decreascs slightly with thc incrcasing s. On the contrary, the slits locatcd transversally to the direction of the wave propagation decrease thc S WR performance considcrably. Thc SWR quality decreases especially strongly. The multimoding in the SWR was considered and the conditions of suppressing the spurious modes were found. It was shown that the discussed topologies naturally support thc fundamental mode E, 10 and reject the others. The Josephson junction array embedded into thc SWR has been investigated. Experimental data prescnt evidencc that the microwave current distribution in the SWR is uniform and corresponds to the fundamental mode. These results make JJ arrays embedded into thc SWR a promising system for applications in the quantum voltagc metrology.
